We calculate the electromagnetic Pauli form factor of quark induced by the nontrivial topological fluctuations of QCD vacuum called instantons. It is shown that such contribution is significant. We discuss the possible implications of our result in the photon-hadron reactions and in the dynamics of quark-photon interactions in the dense/hot quark matter.
I. INTRODUCTION
Nowadays the study of electromagnetic structure of the elementary particles is one of the hottest topics in the Standard Model (SM). One well known puzzle is the experimental value of the muon anomalous magnetic moment which shows the significant deviation from the SM prediction (see recent reviews [1, 2] ). Electromagnetic probes of the hadrons give very important information about the structure of the strong interaction [3] . Various models have been developed which enable us to study electromagnetic properties of hadrons in terms of form factors [4] [5] [6] [7] [8] [9] [32] [33] [34] [35] . In the past decades the significant progress has been made, especially regarding the study of the relation between generalized parton distribution functions (GPD) and electromagnetic form factors of hadrons [10, 11] . The quark form factors carry the information about internal structure of the constituent quark and provide the bridge between partonic picture of the hadrons and their constituent structure [6, 8, [12] [13] [14] [15] [16] . In this paper we consider a new nonperturbative contribution to electromagnetic Pauli form factor (EPFF) of quark arisen from instanton induced quark-gluon vertex. The instanton is the well-known solution of QCD equation of motion in the Euclidian space-time which has nonzero topological charge. It was shown that instantons play a very important role in hadron physics (see the reviews [17] [18] [19] ). In particular, the instantons leads to the spontaneous chiral symmetry breaking (SCSB) in strong interaction which is not only one of the main sources for the observed hadron masses but also leads to the various anomalies observed in the spin-dependent cross sections [6, 12, [20] [21] [22] [23] [24] . One of the cornerstones of the instanton-based theory of the spin effects in the strong interaction is the instanton-induced anomalous chromomagnetic quark-gluon interaction introduced in [12] . The * zhangbaiyang@impcas.ac.cn † aradzh@icc.ru ‡ kochelev@theor.jinr.ru § zhpm@impcas.ac.cn strength of this interaction is determined by the dynamical mass of the quark in the instanton vacuum [18, 25] which is directly related to the phenomenon of the SCSB. The first attempt to estimate the effect of instantons to EPFF was made in [13] where the so-called instanton's perturbative theory was used. This approach was developed in the papers [26, 27] to obtain the effect of the small size of the instantons to the Deep-Inelastic Scattering (DIS) at large transfer momentum Q 2 = −q 2 . However, the final result for their contribution to DIS at the large Q 2 was found to be very small. The same conclusion is also valid for the contribution of the small instantons to the large Q 2 asymptotic of the EPFF of quark obtained in [13] . Here, we will use another way to calculate the instanton contribution to EPFF. This approach is based on the effective quark-gluon vertex induced by instantons and allows to obtain the prediction for EPFF in the wide interval of the Q 2 including even very important case of the real photon, Q 2 = 0.
II. THE CONTRIBUTION OF ANOMALOUS QUARK-GLUON INTERACTION TO THE QUARK ELECTROMAGNETIC FORM FACTOR
The general vertex for photon-quark interaction for onshell quark is
where F 1 , F 2 are electromagnetic Dirac and Pauli form factors, respectively, M q is the dynamical mass of the quark and σ µν = i(γ µ γ ν − γ ν γ µ )/2. The anomalous quark-gluon chromomagnetic (AQGC) vertex induced by the instantons can be written in the form [12, 18, 25 ]
where k 2 1 and k 2 2 are the virtuality of the initial and final quarks, respectively, t = k 1 − k 2 and the general case for non-zero virtualities of quarks and gluon is considered. The form factor
2 ) suppresses the AQGC vertex at short distances when the respective virtualities are large. Within the instanton model it is explicitly related to the Fourier-transformed of both quark zero-mode and instanton field, which take the forms
where
are the modified Bessel functions, ρ is the instanton size and µ a = F 2 (0, 0, 0) is the anomalous quark chromomagnetic moment (AQCM). Within the instanton liquid model [17] , [18] , where all instantons have the same size ρ c ≈ 1/3 fm, AQCM is [18, 25] 
The first feature is that the strong coupling constant enters into the denominator showing a clear nonperturbative origin of AQCM. The second feature is the negative sign of AQCM. As we will see below, this sign of AQCM leads to the positive sign of the anomalous quark magnetic moment (AQMM). The value of AQCM strongly depends on the dynamical quark mass which is M q = 170 MeV in the mean field approximation (MFA) [17] and M q = 350 MeV in the Diakonov-Petrov model (DP) [18] . Therefore, for the value of the strong coupling constant in the instanton model, α s (ρ c ) ≈ 0.5 and average size of instantons ρ c = 1/600 MeV −1 [18] we get
The contribution to the electromagnetic Pauli form factor coming from the AQGC vertex is obtained by the consideration of the diagrams presented in Fig. 1 .
The diagrams with anomalous quark-gluon chromomagnetic vertex induced by instantons which contribute to EMFF of the quark. The vertex is denoted by a solid blob.
To perform analytical calculations the gaussian approximation for the form factors in Eq.(4)
is used with Λ = 2/ρ c . The contribution from Fig. 1(b) is the same as that from Fig. 1(a) , hence the final result should be doubled. Therefore the total matrix element is
3 is the color factor and e q is the electric charge of the quark and
One way to extract Pauli form factor F 2 (Q 2 ) from iM is to rearrange the gamma matrices in Eq. (9) and find the term proportional to iσ µν /2M q . However, a simpler way is to use projector operator method [28, 29] , by making use of identity
By working in the Euclidean space-time,with the help of Feynman parametrization and identity
we obtain where
III. NUMERICAL RESULTS
In our model the form factor F 2 (Q 2 ) is proportional to the quark charge. Therefore, there is the relation between u-and d-quark form factors
For simplicity, below only the result for u-quark case is presented in the figures. In Fig.2 the result of the calculation of electromagnetic form factor as the function of Q 2 is presented for two different masses of u-quark. Our numerical result can be fitted very well by the formula
which can be useful for the applications. We would like to emphasize that positive sign of F 2 form factor for u-quark (see Fig.2 ), is fixed by the negative sign of the AQCM, Eq. (5). In the Fig.3 the dependency of the value of the magnetic moment of u-quark on the value of the its dynamical mass is shown. It's behavior as a function of quark mass in the range between 80 and 500 MeV can be fitted very well with the linear function
The results for µ e,u a = F u 2 (Q 2 = 0) at the two different values of the dynamical quark masses obtained in mean field approximation [17] and within the Diakonov-Petrov model [18] are 
Our value for the quark magnetic moment at M q = 350 MeV is in the qualitative agreement with the result of calculation within different approach based on the DysonSchwinger equation [30] . However, we would like to emphasize that in this paper the Q 2 dependency of the EPFF is not considered. This Q 2 dependency in our model is presented in the Fig.2 . One can mention its rather strong dependency on the virtuality of photon. In the model it is coming from the quark and gluon form factors presented in the Eq. (7). 
IV. THE LARGE Q 2 BEHAVIOR OF EPFF
The formula for expansion of the form factor at large
...
and the same formula for [F g D g ] i with the corresponding changing of index q → g. Using the expressions for the form factors in gluon and quark sector in Eq. (7) and
and show that the main contribution to EPFF is coming from the first term in brackets. Moreover, one can perform additional expansion over M 2 q /Λ 2 . In this approximation and ignoring the second term in Eq. (21), one can write the leading orders in M 2 q /Λ 2 expansion in the form
where γ E is the Euler's constant. By using the relation Λ ≈ 2/ρ c , it can be rewritten as
Therefore, at large Q 2 form factor behaves as
It can be shown that in the limit Q 2 → 0 the form factor is
The expansion given by Eq.24 describes the exact result very well in the region of small M q ρ c < 1, Fig.3 . One can see that F 2 (0) vanishes in the limit M q → 0. It means that this contribution to form factor is directly related to the phenomenon of SCSB.
VI. CONCLUSION
In this paper, we calculate the quark electromagnetic form factor within the nonperturbative approach based on the instanton picture for the QCD vacuum. It is shown that anomalous quark-gluon chromomagnetic interaction induced by instantons leads to large magnetic moment of u-and d-quarks. Possible applications of our results are as follows. One of the tasks is to consider the influence of EPFF on the hadron electromagnetic form factors. We would like to mention that instanton contribution to the electromagnetic form factors of proton, neutron and pion were calculated using different versions of instanton model in [31] [32] [33] [34] [35] in semi-classical approaches to the corresponding correlators. However, it would be interesting to study the electromagnetic properties of hadrons based on the constituent quark model with an effective quark-photon and quark-gluon vertices induced by instantons. In this way, one can take into consideration the confinement effects as well in spirit of the calculation of nucleon electromagnetic form factors carried out in [8] for constituent quarks with inner structure. It is evident that due to the existence of an additional scale in our model related to the instanton size ρ c ≈ 1/3 fm, one can expect the deviation of the Q 2 dependency of the hadron form factors from the quark-counting rule prediction [36] [37] [38] .
We should stress that EPFF leads to quark spin-flip. Therefore, it should make contribution to various spindependent photon-hadron cross sections, including polarized semi-inclusive DIS. Another possible application, in the line of [39] , is the study of the influence of the non-zero value of the anomalous quark magnetic moment on the dynamics of Quark-Gluon Plasma (QGP) in the strong magnetic field. We would like to emphasize that our new type of photon-quark interaction is very sensitive to the topological structure of the QCD vacuum which might be drastically changed during the deconfinement transition [40] . This phenomenon can lead to, for example, the suppression of direct photon production induced by our anomalous quark-photon vertex in the QGP.
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